Abstract. High-grade ductile tectonites of the Precambrian
INTRODUCTION
The Transantarctic Mountains constitute a major orogenic belt in Antarctica, extending for -3000 km between the present-day Weddell and Ross seas. Although the modem physiography of the Transantarctic Mountains is dominantly a manifestation of Cenozoic rift tectonics [Stem and ten Brink, 1989 ], its fundamental underlying tectonic architecture is largely a result of its Neoproterozoic to early Paleozoic history. The Neoproterozoic-early Paleozoic tectonic evolution of this orogen primarily involved interactions between the stabilized East Antarctic craton and younger tectonic elements along the Antarctic margin of Gondwana, and a better understanding of this tectonic history is relevant to evaluating plate reconstructions that have been proposed as models for supercontinental assembly, fragmentation, and reassembly [Dalziel, 1992] .
The Transantarctic Mountains are noted for multiple Neoproterozoic to early Paleozoic tectonic events related to rifting and convergence, as are counterparts in Africa and Australia [Stump, 1987] . The central part of the orogen in the Nimrod Glacier area, however, is unique in exposing a Precambrian metamorphic terrain of the East Antarctic craton that lies inboard of younger, deformed sedimentary sequences (Figure 1) . Previously, three orogenic events were recognized on the basis of geologic relations, the Precambrian Nimrod, Neoproterozoic(?) Beardmore, and Cambro-Ordovician Ross orogenies, although distinguishing these events temporally is a formidable problem because of poor age constraints, discontinuous exposures, and ambiguous structural relations. In the traditional view, the Nimrod deformation affected highgrade metamorphic rocks of the Nimrod Group [Grindley and McDougall, 1969; Grindley, 1972 along the entire margin, should perhaps be abandoned in favor of a diachronous series of tectonic pulses that may have included nonorthogonal displacements.
In this paper we discuss the structural and kinematic history of L-S (L = elongation lineation; S = foliation) tectonites from the Precambrian Nimrod Group, exposed in the Miller and Geologists ranges of the central Transantarctic Mountains (Figure 1 ). We document field relations, ductile shear fabrics, the relation of these fabrics to fold development, and kinematic criteria to show that Nimrod tectonism is best explained by a single tectonic event involving synmetamorphic, penetrative, and progressive ductile flow within the 12 to 15-kin-wide Miller Range shear zone. This ductile shear zone represents a large crustal structure with primarily top-to-the-SE, or leftlateral, displacement that was accompanied by minor NE-SW constriction. Deformation occurred under high-T conditions within the middle to lower crust, probably at relatively high strain rates. These interpretations are in contrast to those which explain Nimrod tectonism by NE directed shortening [Grindley, 1972] . They also modify the notion of a discrete d6collement, including both the Endurance thrust of Grindley The major pre-Devonian lithotectonic units of the Nimrod Glacier area include (Figure 1) (Figures 5d to 5f ). Kyanite "fish" in pelitic tectonites commonly show tapered ends that terminate along C planes, and locally they are bent, show undulose extinction, and are segmented by cross-grain fractures (Figure 5d ). These textures indicate prekinematic to synkinematic growth of kyanite. Sillimanite needles or bundles are bent into parallelism with C planes (Figure 5e ). Sillimanite generally lacks undulatory extinction and broken fibers, indicating that sillimanite growth was synkinematic to postkinematic. Sillimanite was never observed overprinting asymmetric fabric elements; however, sillimanite commonly replaces kyanite. Thus sillimanite growth was probably late synkinematic. Small and large garnets alike exhibit ellipsoidal shapes with long axes inclined, together with pressure shadows, in the direction of shear as in Figures 5c and 5e. Kyanite and muscovite "fish," and type II S-C fabrics in garnet-kyanitemuscovite pelitic schist, provide evidence that high-grade metamorphic conditions accompanied the strong noncoaxial ductile deformation (Figures 5d to 50 . The synkinematic assemblage kyanite + muscovite may exist at T = 700øC only at moderate to high P; hence muscovite remained stable even at the high temperatures of deformation that at lower P might induce reaction to anhydrous phases. Despite well-preserved shear-sense indicators, all samples observed in thin section lack strong quartz grain shape-preferred orientation. Quartz, chiefly preserved as equidimensional polygonal grains with straight to coarsely serrated grain boundaries, generally displays flat-field extinction (e.g., Figures 5a and 5b) . Figures 6a, 6b, 6d, 6f, 6g, 6j and 61 ). An absence of poles of this orientation indicates a lack of basalplane slip [Schmid and Casey, 1986], which occurs principally at moderate to low temperatures of deformation [Tullis, 1977; Jessel and Lister, 1990] . The lack of evident basal-plane slip is consistent with the interpretation of high-T deformation, but it also implies that Nimrod tectonites did not experience intracrystalline strain at lower subpeak temperatures (i.e., during thermal retrogression). This provides indirect, yet important, evidence that crystal-plastic flow ended while the Nimrod tectonites were still at high temperatures. These relative constraints on the kinematic and cooling histories of the Nimrod tectonites are valuable for deciphering possible tectonic paths of deformation, as discussed below.
Types I and II S-C fabrics are interpreted with confidence in thin section
Quartz within each of the measured samples occurs as polygonal grains that lack grain shape-preferred ohentation and show chiefly flat-field extinction (e.g., Figures 5a and b) , and intragranular muscovite "fish" are common. However, muscovite grains probably pinned quartz grain boundaries during deformation, and they were most likely intergranular during ductile flow. The preserved quartz textures may be the result of movement of grain dislocations, and grain and subgrain boundaries, resulting in annealing of petrographic textures. Annealing probably postdated ductile deformation because quar• grains lack grain shape-preferred orientation. Therefore we suggest that quartz c axis fabrics record the ductile shear, whereas quartz, petrographic textures resulted from postkinematic thermal annealing. This interpretation would explain the polygonal quartz grain boundaries, flat-field extinction, a lack of grain shape-preferred ohentation, and only minor subgrain formation, as well as intragranular muscovite, and it is consistent with the lack of evidence for intracrystalline slip along quartz basal planes. Thus cooling appears to have followed, rather than accompanied, deformation. An obliquely subducting margin requires a low angle of subduction (_<25 ø) in order to generate the plate coupling forces that lead to development of strain partitioning within the upper plate [Jarrard, 1986] . In addition, generation of granitoid magmas along this margin during and after orogenic deformation suggests an arc-trench distance >200 km, based on simple geometric construction; distances of this magnitude or greater are ob•rved in modem margins characterized by oblique subduction (e.g., Sumatran margin of Eurasia). Those parts of the orogen exposed in the present-day Transantarctic Mountains, although complicated by younger extension, are greater than 200 km in width; thus the breadth of this orogen is compatible with generally shallow subduction and magma generation. Ductile tectonite fabrics within the MRSZ reflect a clear component of shear subparallel to the orogen that is nearly orthogonal to the direction of maximum shortening in supracrustal rocks. Furthermore, this ductile deformation occurred at significant crustal depths (>26 kin). If the depth of Nimrod deformation was actually below that at which strain is effectively partitioned, depending on relative plate velocities, temperature, and geometry, it is possible that the SE directed (mean 134 ø in present-day coordinates) displacements recorded by ductile strain parameters in Nimrod tectonites in fact preserve the true plate convergence direction, rather than a partitioned component. Whichever case is more likely, there remains plausible evidence for partitioned deformation at different crustal levels within the upper plate of an oblique 
